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The distinct epidemiology of original hospital-associated methicillin-resistant Staphylococcus aureus (HA-MRSA) and early
community-associated MRSA (CA-MRSA) is largely unexplained. S. aureus carries either five or six rRNA operon copies. Evi-
dence is provided for a scenario in which MRSA has adapted to the hospital environment by rRNA operon loss (six to five copies)
due to antibiotic pressure. Early CA-MRSA, in contrast, results from wild-type methicillin-susceptible S. aureus (MSSA) that
acquired mecA without loss of an rRNA operon. Of the HA-MRSA isolates (n = 77), 67.5% had five rRNA operon copies, com-
pared to 23.2% of the CA-MRSA isolates (n = 69) and 7.7% of MSSA isolates (n = 195) (P < 0.001). In addition, 105 MSSA iso-
lates from cystic fibrosis patients were tested, because these patients are repeatedly treated with antibiotics; 32.4% of these iso-
lates had five rRNA operon copies. For all subsets, a correlation between resistance profile and rRNA copy number was found.
Furthermore, we showed that in vitro antibiotic pressure may result in rRNA operon copy loss. We also showed that without
antibiotic pressure, S. aureus isolates containing six rRNA copies are more fit than isolates with five copies. We conclude that
HA-MRSA and cystic fibrosis isolates most likely have adapted to an environment with high antibiotic pressure by the loss of an
rRNA operon copy. This loss has facilitated resistance development, which promoted survival in these niches. However, strain
fitness decreased, which explains their lack of success in the community. In contrast, CA-MRSA isolates retained six rRNA
operon copies, rendering them fitter and thereby able to survive and spread in the community.

n important fraction of Staphylococcus aureus isolates from

humans are methicillin resistant (MRSA) (1). The emergence
of MRSA is the result of the acquisition of SCCmec by methicillin-
susceptible S. aureus (MSSA) (2). The epidemiology and genetic
characteristics of hospital-associated MRSA (HA-MRSA) and
community-associated-MRSA (CA-MRSA), especially in the first
decade after its emergence, show considerable differences (3-5). A
prime example is USA300 in the United States (6, 7). First, original
HA-MRSA consisted of only a limited number of lineages, in con-
trast to early CA-MRSA, which was much more diverse (8, 9).
Second, before the emergence of CA-MRSA, HA-MRSA carried
SCCmec type L, 11, or III, whereas early CA-MRSA carried the
relatively small SCCmec type IV, V, or VI (10). Third, early CA-
MRSA isolates were less often multidrug resistant than the HA-
MRSA isolates (10), although nowadays these differences in resis-
tance are less clear (11). Fourth, HA-MRSA carrying SCCmec type
I, II, or III seems unable to spread to the community, whereas
CA-MRSA is transmitted in the community, although CA-MRSA
has also increasingly been found in the hospital setting during the
last decade (12).

The difference in epidemiology between the original HA-
MRSA and CA-MRSA is as yet largely unexplained (13). Some
studies suggest that the relatively small SCCmiec cassettes present
in CA-MRSA impose a lower genetic burden on the bacterium,
thereby retaining bacterial fitness required for competitive growth
and spread in the community. HA-MRSA, with its bulky SCCmec
cassette, needs the selective pressure of antibiotic use in a hospital
setting to be able to compete (14—17). However, S. aureus carries
either five or six copies of the rRNA operon, which might also
contribute to the observed epidemiological differences. In other
bacterial species, a correlation between the number of rRNA
operon copies present in the bacterial cell and fitness, via its effect
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on protein synthesis rates, has been quantified in vitro by growth
rate differences and less efficient adaptation to a changing envi-
ronment (18-22). There might even be a link with antibiotic pres-
sure, as loss of a rRNA operon in S. aureus has been described for
follow-up isolates from a patient after prolonged treatment with
linezolid (23). It has been suggested that loss of one wild-type
(WT) operon helps to increase the number of mutated and there-
fore functional ribosomes. Variation in rRNA operon copy num-
ber, bacterial fitness, and antibiotic resistance may thus be linked
and thereby explain at least part of the epidemiological behavior.
A relation between antibiotic resistance, fitness characteristics,
and the different epidemiologies of original HA- and CA-MRSA
has been suggested before (24, 25). However, it has never been
examined whether variation in rRNA operon copy number is re-
lated to S. aureus epidemiology. The aim of the current study was
to assess whether variation in rRNA operon copy number may be
anovel factor that contributes to the epidemiology, differences in
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fitness, and antibiotic resistance profiles of CA-MRSA and HA-
MRSA.

MATERIALS AND METHODS

Ethics statement. The isolates cannot be linked to any patients, as patient
data were anonymized. The Medical Ethical Committee of the University
Medical Center Utrecht was consulted if informed consent was needed
according to Dutch law and the policies of the University Medical Center
Utrecht, which was not required for this study. The cystic fibrosis (CF)
isolates were collected from our routine diagnostic laboratory over a
7-month period (May to November 2009) when CF patients came in for
routine outpatient checkups, as recommended by the Dutch guideline.
Also, for these isolates we had no access to any patient data.

Isolates. This study examined a collection of 195 MSSA and 146
MRSA isolates originating from 15 countries. In addition, 105 MSSA iso-
lates from cystic fibrosis patients from the Netherlands were collected
from our diagnostic laboratory between May and November 2009. The
position of these isolates in the S. aureus population is shown in a multi-
locus sequence typing (MLST)-based minimal spanning tree in Fig. S1 in
the supplemental material.

CA-MRSA isolates were defined as MRSA isolates carrying SCCrnec
IV, V, or VI. In contrast, HA-MRSA isolates were defined as MRSA iso-
lates carrying SCCmec, I, or I1I (4, 6, 11). Strains COL, MW2, MSSA476,
MRSA252, Mu50, N315, RF122, USA300-FPR3757, USA300-TCH1516,
and S0385 were used as controls for PCRs and Southern blotting for de-
termination of the rRNA operon copy number.

DNA extraction. Bacteria were cultured overnight on blood agar
plates (Becton Dickinson, Erembodegem-Aalst, Belgium). Chromosomal
DNA was isolated using the Nucleospin tissue kit (Macherey-Nagel,
Diiren, Germany) according to the manufacturer’s protocol, except for
the lysis step. Lysis was performed in 20 mM Tris-HCI (pH 8.0), 2 mM
EDTA, 1% Triton X-100, 0.2 mg/ml of lysostaphin, achromopeptidase,
and RNase.

MLST. MLST was performed according to the protocol of Enright
et al. (26). New sequences were submitted to the MLST database (http:
/Iwww.mlst.net).

rRNA copy number-specific PCR. A seminested PCR was used to
determine the presence or absence of the third rRNA operon (Fig. 1; see
also Table S1 in the supplemental material). The first PCR (PCR-1) am-
plified a fragment spanning the 5Sp-16S intergenic region from the sec-
ond rRNA operon and/or the 55-16S intergenic region between the sec-
ond and third rRNA operons (55-F, ATAGCAAGGAGGTCACAC, and
16S-R, AGGCCCGGGAACGTATTCAC) in a 50-pl reaction mixture
containing 10 pmol of each primer, 0.4 mM deoxynucleoside triphos-
phates (ANTPs; Invitrogen, Carlsbad, CA), 2 mM MgCl,, 0.3 U of Ampli-
Taq (Applied Biosystems, Carlsbad, CA), and genomic DNA. Touchdown
amplification was performed with an initial step of 95°C for 5 min, fol-
lowed by 10 cycles of 95°C for 30 s, annealing starting at 65°C for 30 s
(decreasing by 0.8°C/cycle), and extension for 2.5 min at 72°C. This step
was followed by 20 cycles of 95°C for 30 s, 57°C for 30 s, 72°C for 2.5 min,
and a final extension at 72°C for 7 min.

A seminested PCR (PCR-2) was performed on this product, which
amplified the unique 5S-16S intergenic region between the second and
third rRNA operons in a 50-pl reaction mixture containing 10 pmol of
op2-3Int-F (GTATAATTAATTCTTGTCGGTA), 5 pmol of 165-R (AGG
CCCGGGAACGTATTCAC), 2.5 pmol of 16S-F (GAGGAAGGTGGGGA
TGACGT) as an internal control, 0.4 mM dNTPs, 2 mM MgCl,, 0.3 U of
AmpliTaq, and 1/50-diluted template from the first PCR. The first cycle
consisted of 5 min of denaturation at 95°C, followed by 30 cycles of 95°C
for 30 s, 58°C for 30 s, and 72°C for 2 min. In the final cycle, the extension
time was increased to 7 min at 72°C. All products were analyzed on a 0.8%
agarose gel, stained with ethidium bromide, and visualized under UV
light.

Southern blotting. EcoRI- or Clal-digested chromosomal DNA was
separated overnight on 0.7% SeaKem Gold agarose and transferred to a
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Hybond N+ membrane (GE Healthcare, Piscataway, NJ) using a Vacu-
blot system (Biometra, Gottingen, Germany). A 23S rRNA gene (forward
[F], CGCGACAGGACGGAAAGACC, and reverse [R], CAGCCCCA
GGATGCGATGAG) or 16S rRNA gene (F, GAGGAAGGTGGGGAT
GACGT, and R, AGGCCCGGGAACGTATTCAC) digoxigenin-labeled
probe was used for hybridization according to the manufacturer’s proto-
col (GE Healthcare).

Whole-genome mapping. Whole-genome mapping of S. aureus ge-
nomes was performed as described before (27). Briefly, high-molecular-
weight DNA is applied to Mapcards (OpGen, Gaithersburg, MD) and
digested with AfIIT restriction endonuclease. This process retains the or-
der of the restriction fragments. The restriction fragments are seized and
assembled into a whole-genome map. The maps were analyzed for the
presence of the restriction fragment carrying the third operon copy.

Antibiotic resistance. Susceptibility testing was performed on a Phoe-
nix automated test system (BD Diagnostic Systems, Sparks, MD). The
multiple antibiotic resistance (MAR) index (28) was calculated for
clindamycin, erythromycin, gentamicin, fusidic acid, linezolid, mupi-
rocin, quinupristin-dalfopristin, and tetracycline, as these act on pro-
tein synthesis.

Induction of operon deletion by linezolid. Six isolates containing six
rRNA operons and susceptible to linezolid were cultured for 21 days in
Mueller-Hinton (MH) broth with a dilution series of linezolid (Pfizer,
New York, NY) ranging from 0 to 32 pg/ml. MICs were monitored, and
daily, 10-pl samples with 80% growth, compared with growth in MH
broth only, were used to inoculate a new dilution series (1 ml). From the
isolates that gained resistance, genomic DNA was isolated and checked by
PCR for loss of the third rRNA operon. Multiple colonies of each daily
sample were analyzed.

In vitro growth rates. Bacteria were grown overnight on blood agar
plates. A single colony was used to inoculate 5 ml of Luria broth (LB) and
grown overnight at 28°C to mimic temperatures in the nose. Cultures
were diluted to a final concentration of 2.5 X 10> CFU/ml, confirmed by
plating. Duplicates of each sample with a volume of 200 .l were run in the
Bioscreen C system (Oy Growth Curves Ab Ltd., Helsinki, Finland) at
28°C for 48 h with continuous, moderate shaking, and the optical density
at 420 to 580 nm (OD,,,_s4,) was measured every 20 min. Growth data
(In[OD/OD,]) (OD,, OD at time zero/start of the experiment) were fitted
to the Gompertz model (29), from which three biological parameters were
calculated: lag time (\), maximum specific growth rate (p.,,,,), and max-
imum population density (A). Experiments were performed indepen-
dently three times.

Statistical analysis. Statistical significance of the rRNA operon distri-
butions was determined by Fisher’s exact test. The Wilcoxon rank sum
test with continuity correction was used to examine the association be-
tween rRNA operon number and the MAR index. For the growth data, a
Student ¢ test was used for the comparison of the maximum specific
growth rates of the tested isolates; for the lag time, a Mann-Whitney test
was used. A P value of <0.05 was considered to be statistically significant.

RESULTS

rRNA operon copy number in S. aureus. Analysis of 10 published
genomes showed that S. aureus carries either five or six copies of
the rRNA operon. This difference in copy number is invariably
due to the presence or absence of the third rRNA operon down-
stream from OriC (Fig. 1).

Results of the two PCRs distinguishing between isolates lacking
the third rRNA operon (five copies) and isolates carrying this
operon (six copies) agreed completely (Fig. 1). Sequence analysis
of the rRNA operons showed that 120 bp in front of rRNA copy 1
are repeated in front of rRNA copy 3; however, a distinction can be
made because 80 unique additional base pairs are present. This
was confirmed by sequencing of PCR products. Finally, Southern
blotting also was in agreement with the presence of six rRNA
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FIG 1 Schematic representation of rRNA operons in S. aureus and PCR strategy. (A) Locations of the six rRNA operons on the genome of strain COL. (B)
Organization of the rRNA operons. Operon 3 is lacking in strains with five operon copies. Two PCRs were performed: PCR-1 is indicated with light and dark gray
arrows. In isolates with five copies of the rRNA operon in PCR-1, only a product of 2,363 bp (light gray arrows) will be amplified, whereas in isolates with six
copies, both the 2,363-bp product and a 1,715-bp fragment (dark gray arrows) will be yielded (COL is an exception due to a smaller intergenic region between
the 5S and 16S genes, where the amplification products will be of similar sizes; indicated by an asterisk). The black arrows indicate the products formed by the
seminested PCR (PCR-2), consisting of a product of 1,534 bp when the third operon is present and a 16S internal control (216 bp). (C) Amplification products
formed for strains with either six or five rRNA operon copies.
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FIG 2 Detail of the whole-genome maps showing the alignment of the restriction fragments in the third rRNA operon region. The restriction fragments and their
different sizes are represented by different colors. Fragments with the same size have the same color. Isolates from N315 and L5 lack a restriction fragment of
approximately 5 kb, whereas this fragment is present in the other isolates (red box).

copies (data not shown). However, the results for USA300-
TCH1516, USA300-FPR3757, and RF122 did not match the
whole-genome data; according to PCR, partial sequencing, and
Southern blotting, these isolates contained six rRNA operon cop-
ies instead of five copies in the published genome sequences.

The loss of an rRNA operon has been suggested as a mecha-
nism in the development of resistance in S. aureus (23). To gener-
ate a set of controls, a susceptible S. aureus isolate carrying six
rRNA operon copies was exposed to sub-MICs of linezolid.
Twelve days of culturing yielded cells which differed in rRNA
operon copy number, including cultures with both five and six
rRNA copies. Bacterial strains containing five rRNA operons had
higher MICs than strains with six rRNA operons. Already after 15
days of culturing, all bacterial colonies tested carried five rRNA
operons, as demonstrated by third-operon-specific PCRs. Se-
quencing of the flanking regions of the third rRNA operon con-
firmed the absence of the operon. The isolates were indistinguish-
able from the original wild-type isolate by pulsed-field gel
electrophoresis (PFGE), MLST, spa typing, and partial sequencing
(data not shown).

To further confirm the findings, whole-genome mapping was
performed. With whole-genome mapping a complete ordered re-
striction map of a genome is created. Isolates of USA300-
TCH1516, USA300-FPR3757, and RF122, together with S0385
(six rRNA copies), COL (six rRNA copies), and N315 (five rRNA
copies) as controls, were subjected to whole-genome mapping. In
addition, linezolid-susceptible and -resistant isolates (L5 and L6,
with five and six rRNA operon copies, respectively) were selected.
The results showed the lack of a restriction fragment for both L5
and N315 in the region of the third rRNA copy (Fig. 2). This
further confirms the presence of six rRNA copies in the USA300
and RF122 strains in contrast to the published sequence.

This combined evidence showed that indeed USA300-
TCH1516, USA300-FPR3757, and RF122 clearly contained six in-
stead of five rRNA operon copies. Additionally, we also analyzed
15 USA300 isolates from different patients that could not be
linked and 11 ST-matched bovine mastitis isolates (30) from our
collection by PCR, partial sequencing, and Southern blotting. The
results showed the presence of six rRNA operon copies.

MSSA and HA- and CA-MRSA differ in rRNA operon copy
number. We analyzed a large collection of clinical isolates of S.
aureus for the number of rRNA copies. Fifteen out of 195 MSSA
isolates (7.7%) contained only five rRNA copies, in comparison to
68 out of 146 MRSA isolates (46.6%) (Fisher’s exact test, P <
0.0001; odds ratio [OR], 0.09559; 95% confidence interval [CI],
0.05146 to 0.1775) (Fig. 3A). Within the subgroup of MRSA iso-
lates, 52 out of 77 HA-MRSA isolates (67.5%), in comparison to
16 out of 69 CA-MRSA isolates (23.2%), contained five copies of
the rRNA operon (Fisher’s exact test, P < 0.0001; OR, 6.890; 95%
CI, 3.303 to 14.37) (Fig. 3B).

In most of the MLST-based clonal complexes (CCs), both iso-
lates with five and isolates with six rRNA operons were found.
Thus, the difference in distribution of rRNA operon copies be-
tween MRSA and MSSA isolates does not simply reflect a differ-
ence in genetic background (see Fig. S1 in the supplemental ma-
terial).

rRNA operon copy number relates to antibiotic resistance.
The loss of an rRNA operon under linezolid pressure, which co-
incided with the gain of resistance in a clinical isolate (23),
prompted us to investigate the relationship between rRNA operon
copy number and resistance to antibiotics acting on the ribosome.
First, the clinical observed phenomenon could be replicated in
vitro as described above. Next, a multiple antibiotic resistance
(MAR) index (28) was calculated for eight antibiotics. A strong
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FIG 3 rRNA operon analysis of MSSA and MRSA. (A) Among MSSA isolates, 180 of the 195 carried six rRNA operons (92.3%). Among MRSA isolates, 78 of
the 146 carried six rRNA operons (53.4%). ***, P < 0.0001 (Fisher’s exact test). (B) MRSA isolates were subdivided into HA-MRSA and CA-MRSA according
to the criteria described in Materials and Methods. Of the 78 HA-MRSA isolates, 52 (66.7%) had five rRNA operon copies; 16 (23.2%) of the 69 CA-MRSA isolates

had five operon copies.
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FIG 4 Multiple antibiotic resistance index in MRSA. The MAR index is defined as a/b, where a represents the number of antibiotics to which the isolate was
resistant and b represents the number of antibiotics for which the isolate was tested. The MAR index is shown in relation to rRNA operon copy number in MRSA
(A); isolates with five rRNA copies are more resistant. ***, P < 0.0001 (Wilcoxon rank sum test with continuity correction). Also in the subset of hospital-
associated MRSA (B), isolates with five operon copies show more resistance. *, P = 0.01504 (Wilcoxon rank sum test with continuity correction). In community-
associated MRSA (C), a clear trend is seen toward more resistance with five rRNA operons. The P value was obtained by Wilcoxon rank sum test with continuity

correction. Arrowheads represent medians.

association between isolates carrying five rRNA operons and re-
sistance was found in MRSA (Fig. 4A). For the subset of HA-
MRSA isolates, the differences in antibiotic resistance between
isolates carrying five and six rRNA operons remained significant.
For CA-MRSA, a trend was observed in the association between
resistance and carriage of five rRNA operon copies (Fig. 4B and
C). Due to the limited number of MSSA isolates with five rRNA
copies, no relation between resistance and rRNA copy number
could be determined.

rRNA operon copy number and antibiotic resistance in CF
isolates. The role of antibiotics and rRNA operon copy number
was further investigated in MSSA isolates from cystic fibrosis (CF)
patients, who repeatedly receive (prophylactic) antibiotics. MSSA
from CF patients and non-CF patients exhibit the same degree of
heterogeneity. CF isolates were compared to the total group of
non-CF MSSA isolates used in this study. Thirty-four out of the
105 (32.4%) CF isolates had five instead of six copies of the rRNA
operon, whereas only 15 (7.7%) of the 195 non-CF MSSA isolates
had five rRNA operon copies (Fisher’s exact test, P < 0.0001; OR,
0.1740; 95% CI, 0.08932 to 0.3390) (Fig. 5A). MAR indices of the
CF isolates showed that strains containing five rRNA operon cop-
ies are more resistant than isolates with six copies (Fig. 5B).

Five-rRNA-operon-copy isolates are less fit. To test the effects
of rRNA copy number on fitness, the in vitro growth rates were
compared between a five-operon isolate that had lost an rRNA

copy due to linezolid treatment and an isolate with six copies from
the same experiment and after the same period of linezolid expo-
sure. Remarkably, the growth characteristics showed a difference
in maximum specific growth rate (p,,,,), while maximum ODs
and lag times were not different (Fig. 6A). This difference in max-
imum specific growth rate was observed by both OD measure-
ment and CFU counts (data not shown).

Next, growth characteristics were tested for 51 MRSA isolates
which were matched for ST and SCCrmec type (six different ST
types, including three SCCmec types) but carrying either five or six
rRNA operon copies. We also investigated MSSA, but due to the
relatively small number of MSSA isolates with five rRNA operon
copies, only 31 MSSA isolates were available, and these could be
matched only at the level of clonal complex (CC) instead of se-
quence type (six different CCs), leading to a genetically less ho-
mogeneous set of isolates within a group.

Under suboptimal conditions (growth at 28°C [to mimic tem-
peratures in the nose, a common site for carriage] in LB medium),
a clear difference in growth rates was observed. MRSA isolates
carrying five rRNA operon copies showed a decreased maximum
specific growth rate (Student ¢ test, P < 0.0001) and increased lag
time (Mann-Whitney test, P = 0.0135) compared to those of iso-
lates carrying six rRNA operon copies (Fig. 6B and C). When
results were broken down by MLST, five-copy-number isolates
had decreased maximum specific growth rate and increased lag
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FIG 5 rRNA operon copy number and MAR analysis of cystic fibrosis isolates. (A) Distribution of rRNA operon copy numbers in MSSA isolates from CF
patients compared to non-CF isolates. Of CF isolates, 32.4% carried five rRNA operons; in non-CF isolates, 7.7% carried five rRNA operon copies. ***, P <
0.0001 (Fisher’s exact test). (B) MAR index in relation to rRNA operon copy numbers for these isolates. Isolates with five rRNA operon copies are more resistant.
%, P < 0.0001 (Wilcoxon rank sum test with continuity correction). Arrowheads represent medians.
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Momax

(B) and A (C) were analyzed. In MRSA, isolates with five rRNA operon copies have a decreased

maximum specific growth rate and a longer lag time. ***, P < 0.0001 (Student ¢ test); *, P = 0.0135 (Mann-Whitney test).

time in most STs. Also in MSSA isolates with five rRNA operon
copies an increased lag time was observed in most CCs. Interest-
ingly, a decreased maximum specific growth rate for five-copy-
isolates was observed in only four of the seven CCs tested (see Fig.
S2 in the supplemental material).

DISCUSSION

We identified variation in rRNA operon copy number as a novel
factor that correlates with S. aureus epidemiology, antibiotic resis-
tance, and in vitro fitness. This factor might be important in the
epidemiology of S. aureus and could provide an explanation for
the emergence and distinct epidemiology of early CA-MRSA and
HA-MRSA carrying SCCmec type I, 11, or 111, although final proof
will be nearly impossible, because we cannot replicate the emer-
gence of HA-MRSA. Since the vast majority of MSSA strains have
six rRNA operons (92.3%), we consider the presence of six rRNA
operons to represent the wild type. Most MLST clusters contain
isolates with both five and six rRNA operons. This suggests that
variation in rRNA operon copy number is part of an adaptation
process, rather than the result of the spread of a few ancestor
strains. However, the distribution of strains with five or six copies
is not random, as exemplified by our findings with MSSA, CA-
MRSA, HA-MRSA, and CF isolates. Whereas the vast majority of
MSSA and CA-MRSA carry six rRNA operon copies, the isolates
frequently exposed to antibiotics (HA-MRSA and CF-MSSA) are
dominated by strains that carry five rRNA operons. Moreover,
CF-MSSA and MRSA isolates were more resistant to antibiotics
targeting the ribosome than were isolates carrying six operons. In
addition, we could show in vitro that prolonged exposure to lin-
ezolid resulted in deletion of an rRNA operon accompanied by a
significant increase in MIC against linezolid, as was also described
by Meka et al. (23) for sequential patient isolates. These data sug-
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gest that ribosome-targeting antibiotics can lead to deletion of the
third rRNA operon, although we could not show this effect for
gentamicin or streptomycin, probably because we could not
mimic the in vivo conditions. Loss of the third rRNA operon could
lead to an increment of the proportion of mutant (less susceptible)
ribosomes and may be the effect of restoring the balance in ribo-
some assembly after antibiotic treatment, as was demonstrated for
E. coli. Treatment with chloramphenicol increased rRNA produc-
tion in E. coli and increasingly inhibited protein synthesis, result-
ing in dissociation between the synthesis rates of ribosomal pro-
teins and those of rRNA. This would result in decreased numbers
of complete ribosomes (31, 32).

Only the third operon is deleted and the mechanism of excision
is unknown, but whatever the mechanism may be, deletion of an
rRNA operon comes at a fitness cost. Studies with E. coli showed
that deletion of rRNA operons resulted in increased lag times and
decreased growth rates, thereby leading to a slower ability to adapt
to novel environments (20, 22).

In S. aureus isolates, a clear overall decrease in maximum spe-
cific growth rate (. and an increased lag time (N) were ob-
served in isolates carrying five instead of six rRNA operon copies.
To exclude the influence of the genetic background, isolates were
matched for ST and, if present, SCCmiec type. Both in vitro param-
eters (L. and A) may correlate to in vivo colonization efficiency.
The increased lag time may reflect a slower ability to adapt to a
novel niche (e.g., during adhesion and initial colonization phase),
whereas lower growth rates may result in outgrowth by competing
colonizing strains after the initial colonization phase. A link be-
tween rRNA copy number and the ability to adapt to changing
environments like temperature or nutrient shifts at 37°C was not
observed (data not shown).

To prove the causality between rRNA operon copy number
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and growth rates, we attempted to genetically manipulate S. au-
reus. However, deletion of an rRNA operon failed due to the large
homology between the sequences flanking the rRNA operons, and
introduction of wild-type rRNA operons led to a substantial num-
ber of mutations in 168, 23S, and 5S rRNAs. This was observed in
several strains. This might be due to the fact that S. aureus may be
restricted in the number of rRNA operons it can carry (five or six).
In agreement with this rigidity is the fact that apparently only the
third rRNA operon is dispensable.

Based on our results we present a completely novel hypothesis
for a major driving factor behind S. aureus epidemiology. Due to
antibiotic pressure in hospitals, the major original HA-MRSA
pandemic clones have successfully adapted to the hospital envi-
ronment by the loss of an rRNA operon copy, which facilitated
resistance development. At the same time, strain fitness decreased,
which explains lack of success in the community where no antibi-
otic pressure is present. However, the very successful community-
associated USA300 clone and the bovine mastitis isolate RF122
would not fit in this picture, as in the published genomes five
rRNA operons are present (33—35). Therefore, we analyzed these
isolates together with 15 USA300 isolates from unrelated patients
and 11 ST-matched bovine mastitis isolates (30) from our collec-
tion. In contrast to the published genome sequences, we found the
completely sequenced USA300 isolates, RF122, 15 independent
USA300 strains, and 11 bovine mastitis isolates to harbor six
rRNA operon copies, as confirmed by PCR, Southern blotting,
and genome mapping. The discrepancies between the whole-ge-
nome sequences and the other methods can easily be explained by
the fact that due to (inverted) repeats in rRNA operons, whole-
genome sequencing leads to partial rRNA genes at the end of a
contig or separate contigs for each rRNA operon. Depending on,
among other things, the chosen backbone, rRNA operons can be
missed while assembling contigs. De novo assembly of contigs will
even have a greater risk of missing an rRNA operon. We also tried
to sequence the region of the third rRNA operon in RF122 and
USA300 strains TCH1516 and FPR3757, but this was unsuccess-
ful, probably for reasons mentioned above. Therefore, these iso-
lates were subjected to whole-genome mapping to further confirm
the presence of six rRNA operons in these isolates. The results
agree with the presence of six rRNA copies in the USA300 and
RF122 strains.

In conclusion, CA-MRSA strains in general carry six rRNA
copies, which most likely contributes to their relative fitness and
spread in the community, whereas the original HA-MRSA clones
had lost a copy, increasing their fitness in environments with high
antibiotic pressure at the cost of their ability to spread in the com-
munity. Variation in rRNA operon copy number thus provides a
novel mechanism that explains the distinct epidemiology of early
CA-MRSA and HA-MRSA.
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